Background--Brain-derived neurotrophic factor (BDNF) is a pleiotropic peptide involved in maintaining endothelial integrity. It is unknown if circulating BDNF levels are associated with risk of cardiovascular disease (CVD).
C ardiovascular disease (CVD) is the leading cause of death in the developed countries, and clinical risk factors for CVD (eg, obesity, dyslipidemia, diabetes, and a sedentary lifestyle) have been known for decades. Nevertheless, the molecular basis of CVD is complex and linked to a broad range of biological pathways, including lipid and glucose metabolism, inflammation, vascular repair, and angiogenesis. Brain-derived neurotrophic factor (BDNF) is a pleiotropic peptide mediator involved in the regulation of appetite and physical activity and in neuroplasticity. 1 Heterozygous BDNF knockout mice consume almost 50% more food than do their wild-type littermates and are obese. 2 Independent of its effect on energy homeostasis, BDNF has been implicated in angiogenesis and the maintenance of vascular integrity in recent reports. 3 Thus, conditional BDNF knockout mice have greater myocardial damage after experimental infarction compared with wild-type mice. 4 These observations raise the possibility that BDNF may play a role in the pathogenesis of CVD. Indeed, limited epidemiological data suggest that higher circulating BDNF levels may be associated with a lower prevalence of cardiovascular risk factors and with a lower mortality in small samples. 5, 6 Conversely, patients with unstable angina have been reported to have increased BDNF levels in the coronary circulation compared with individuals with stable angina, suggesting that BDNF may detrimentally influence plaque stability. 7 Taken together, epidemiological data on the relation between BDNF and CVD are sparse and conflicting. Thus, we prospectively investigated the association of circulating BDNF levels with cardiovascular events and mortality in the community-based Framingham Heart Study (FHS) cohort. To assess a potentially causal relation between BDNF levels and CVD, we performed a Mendelian randomization analysis by using the CARDIoGRAM (Coronary ARtery DIsease Genome-Wide Replication And Meta-Analysis) metasample.
Methods Study Samples
Framingham Heart Study (FHS)
The FHS sample for the present investigation was derived from the Original and Offspring cohorts 8, 9 and is based on the 23rd FHS Original cohort examination (1992) (1993) (1994) (1995) (1996) and the 7th Offspring cohort examination (1998) (1999) (2000) (2001) 23 , we excluded 357 who did not have available BDNF measurements (>225 participants had visits at home and blood was not drawn; additionally, serum samples drawn in the first 4 months of the examination cycle were not available for this assay due to storage-related problems). Of 3539 Offspring cohort participants attending examination cycle 7, we excluded 3 participants for lack of follow-up data and an additional 518 who did not have available BDNF measurements (due to lack of sufficient amounts of serum aliquots), resulting in a final sample size of 3687 (669 Original cohort, 3018 Offspring cohort participants).
Physical activity was assessed (in the Offspring cohort only) by using a structured questionnaire and then quantified as a physical activity index, which is calculated based on weighted frequencies and duration of the reported activities as detailed previously. 10 Depression was assessed (in the Offspring cohort only) using the Center for Epidemiological Studies-Depression Scale (CESD), which is an accepted tool to screen for depressive symptoms in observational cohort settings.
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The study was approved by the Boston University Medical Center Institutional Review Board; written informed consent was obtained from all participants.
Biomarker measurements in the FHS cohort
Serum BDNF levels were determined by using Quantikine ELISA kits obtained from R&D Systems after a 20-fold dilution in polypropylene tubes with Calibrator Diluent RD6P included in the kits. The sensitivity of the assay is estimated to be at or below 0.0625 ng/mL. The intra-and inter-assay coefficients of variation were 3.8% to 6.2% and 7.6% to 11.3%, respectively. High-sensivity C-reactive protein (hsCRP) was measured (only in the Offspring cohort) by using a nephelometer (Dade Behring). 12 Brain natriuretic peptide (BNP) was measured only in the Offspring cohort at examination cycle 6 (not 7), by using an immunoradiometric assay (Shionogi) as previously described. 13 
Genotyping in FHS
Single nucleotide polymorphism (SNP) rs6265 was directly genotyped on the Illumina Beadstation 500G genotyping system by using Illumina FastTrack Services and the Golden Gate assay workflow protocol. 
Outcome events in FHS
A "cardiovascular event" was defined as angina pectoris, coronary insufficiency (prolonged angina with documented ECG changes), myocardial infarction, stroke (ischemic or hemorrhagic) or transient ischemic attack, incident heart failure, intermittent claudication, or death secondary to CVD. All cardiovascular events were adjudicated by a panel of 2 or 3 investigators on review of hospital records, medical office notes, and Framingham clinic visit notes, by using standardized criteria that have been described previously.
Mendelian randomization in the CARDIoGRAM metasample
We assessed the association of the major functional genetic variant within the BDNF gene (rs6265) with coronary artery disease (CAD) in the CARDIoGRAM consortium. 15 CARDIo-GRAM is a meta-analysis of genome-wide association data for CAD including myocardial infarction and consists of 14 population-based cohorts and case-control samples, including in total >22 000 cases and >60 000 controls. 15 We chose CARDIoGRAM for our Mendelian randomization experiment because it is the largest consortium of CAD outcomes with availability of genetic data for the BDNF locus, thereby maximizing our statistical power. We are unaware of larger consortia that have evaluated a composite outcome of CVD (paralleling our primary outcome in FHS) or consortia that have assessed all-cause mortality in a genome-wide context with availability of BDNF SNP data. Minor allele frequency of SNP rs6265 was 0.18 in CARDIoGRAM.
Statistical Analyses
BDNF levels were normally distributed. Age-and sex-adjusted incidence rates of CVD and all-cause mortality across quartiles of serum BDNF were calculated by using direct standardization by sex and age strata of <60, 60 to 74 and ≥75 years. We then estimated Cox proportional hazards regression models to further explore the relation of BDNF with CVD incidence and allcause mortality after confirming the assumption of proportionality of hazards for both outcomes. We assessed 2 models: (1) adjusting only for age and sex and (2) additionally adjusting for standard CVD risk factors 16 (ie, age, sex, smoking, systolic blood pressure, hypertension treatment, total and high-density lipoprotein cholesterol, diabetes mellitus, and body mass index [BMI] ). All models were stratified by study cohort (Original versus Offspring). We adjusted for BMI (although it has been an inconsistent component of CVD risk prediction algorithms) because of the potential association of BDNF with BMI. 17 Using interaction terms, we assessed potential effect modification by age, BMI, or study cohort in our multivariable models. However, these terms were statistically nonsignificant (all P>0.05 for both outcomes). To further explore any potential nonlinear relation of BDNF levels with CVD events and mortality, we constructed multivariable-adjusted (covariates of model 2) nonparametric restricted cubic splines (with 3 knots at the quartiles of the BDNF distribution). 18 To further assess a potential role of smoking, we adjusted our multivariable models for lifetime smoking exposure in pack-years (instead of current smoking status). We also investigated whether current smoking modifies the relation between serum BDNF and events by introducing an interaction term (smoking9BDNF) into our multivariable models.
In exploratory analyses, we additionally adjusted our Cox models for other novel CVD biomarkers (ie, hsCRP and BNP) and for physical activity (by using the physical activity index) and depression (using the CESD score). These analyses were limited to the Offspring cohort because these variables were measured only in this cohort. All analyses were performed by using SAS version 9.2 (SAS Institute). A P value of <0.05 was considered statistically significant.
To assess the contribution of BDNF levels to CVD risk prediction, we compared performance metrics of a model incorporating standard CVD risk factors (multivariable Cox regression model 2) to a model that additionally included serum BDNF. We assessed increment in the c-statistic, the integrated discrimination improvement (IDI), and the continuous net reclassification improvement (NRI), all calculated as previously described. 19, 20 
Mendelian randomization experiment
Mendelian randomization is based on the fact that alleles of genetic variants (here, rs6265, a known functional variant in exon 2 of the BDNF gene) are transmitted randomly during conception from the parents to their offspring. 21 Because rs6265 alters BDNF levels, individuals are randomly assigned to genetically elevated or reduced BDNF levels. 21, 22 Importantly, the random allocation of alleles during meiosis is independent of traditional CVD risk factors and the CVD disease process itself. Therefore, estimates from Mendelian randomization studies are insensitive to (nongenetic) confounders and reverse causality. 23 Thus, if lower BDNF levels cause CVD, one can estimate the predicted relative CVD risk increase that goes along with genetically reduced BDNF levels, based on (1) the association of rs6265 with circulating BDNF levels and (2) the association of circulating BDNF levels with incident CVD. Accordingly, first we related the SNP rs6265 to circulating BDNF levels by using a linear regression model (adjusted for age and sex) assuming an additive genetic model. Next, based on the association of the SNP with BDNF levels, and in turn the association between circulating BDNF levels and incident CVD, we estimated the predicted strength of association between SNP rs6265 and CVD in age-and sex-adjusted Cox regression models. Third, we evaluated the strength of association of the SNP rs6265 with CAD in the CARDIoGRAM consortium. 15 These analyses were again performed adjusting for age and sex (prior to meta-analysis). Last, we compared the predicted risk for CVD (based on FHS data) for this SNP with the observed relative risk for CAD in CARDIoGRAM by using the 2-sample t test.
Results

Study Sample
The characteristics of our study sample are provided in Table 1 . Our sample was middle-aged to elderly, with a moderate cardiovascular risk profile. Clinical characteristics, stratified by later CVD event status, are listed in Table 2 . Participants with CVD events were older and had a more adverse cardiovascular risk profile than those without a future event. The age-and sex-adjusted correlations of serum BDNF levels with clinical cardiovascular risk factors are given in Table 3 . BDNF indicates brain-derived neurotrophic factor. Standardized to the sex-and age-group (<60, 60-74, >=75 years) distribution of the study sample.
Serum BDNF and Incidence of CVD Events
The age-and sex-adjusted incidence rates for cardiovascular events during a median follow-up of 8.5 years, stratified by quartiles of BDNF, are provided in Table 4 (upper half). CVD incidence decreased monotonically across quartiles of BDNF. The results of the proportional hazards regression models relating BDNF levels to CVD incidence are shown in Table 5 (upper half) and Figure 1 (top panel). Each 1-SD increase in serum BDNF was associated with a 9% to 12% reduced hazard for CVD events. Subjects in the highest quartile of BDNF had a 27% to 32% lower risk for cardiovascular events compared with those in the lowest BDNF quartile. Exploratory analyses additionally adjusting for hsCRP and BNP showed similar results (Table 6 ). Also, additional adjustment for physical activity index and depressive symptoms (using a CESD score ≥16 to define depression) did not alter our results (hazard ratio for incident CVD per 1-SD increase in BDNF 0.86, 95% CI 0.76 to 0.97; P=0.01). To further assess the role of smoking behavior, we adjusted our multivariable models for lifetime smoking exposure in pack-years, which did not influence our findings (data not shown). Similarly, effect estimates did not differ between smokers and nonsmokers (P>0.05 for interaction; data not shown).
In multivariable-adjusted splines (Figure 2 , top panel), serum BDNF was linearly and inversely associated with CVD risk.
Serum BDNF and All-Cause Mortality
The age-and sex-adjusted incidence rates for all-cause mortality during a median follow-up of 8.9 years, stratified by quartiles of the BDNF distribution, are shown in Table 4 (lower half). The results of the Cox regression models are displayed in Table 5 (lower half) and Figure 1 (bottom panel) . Each 1-SD increase in BDNF was associated with a 13% to 14% reduced hazard of death. Individuals in the highest quartile of BDNF had a 26% to 29% lower risk of death compared with those in the lowest quartile. Our findings remained robust in models additionally adjusting for hsCRP and BNP (Table 6 ) and for physical activity index and the CESD score (hazard ratio for death per 1-SD increase in BDNF=0.87, 95% CI 0.77 to 0.97; P=0.02). Again, adjustment for life-time smoking exposure did not alter findings (data not shown), nor did effect estimates differ between smokers and nonsmokers (P>0.05 for interaction).
Increasing serum BDNF showed a linear relationship with lower all-cause mortality through most of the distribution of values, although the relationship plateaued at the upper end of the distribution (Figure 2, bottom panel) . 
BDNF and CVD Risk Prediction
Mendelian Randomization
To assess whether the association between circulating BDNF levels and CVD may be causal, we used a known functional genetic variant in the BDNF gene (rs6265) and performed a Mendelian randomization experiment as detailed earlier. 21 We genotyped rs6265 in 3089 Framingham participants and assessed its association with circulating BDNF levels. By assuming an additive genetic model and adjusting for age and sex, each copy of the minor T allele was associated with 0.772 ng/mL higher BDNF levels (95% CI 0.242 to 1.303, P=0.0043; Figure 3) . Based on the effect estimate for the association between circulating BDNF levels and incident CVD reported earlier here (Table 5) , an increase of 0.772 ng/mL in BDNF levels translates into a predicted hazard ratio for CVD of 0.991 (95% CI 0.982 to 1.000, P=0.045) per T allele. The actual observed age-and sexadjusted odds ratio for CAD associated with 1 T allele of rs6265 in CARDIoGRAM was 0.957 (0.923 to 0.992, P=0.016) and did not differ significantly from the predicted effect size derived from the Framingham cohort (P=0.062 for difference between observed and predicted effect size; Figure 3 ), suggesting that the association between BDNF and CVD risk is likely causal.
Discussion
We prospectively investigated the relation of serum BDNF concentrations with CVD events and mortality in a large community-based sample. We observed that higher levels of BDNF are associated with lower risk of both CVD events and death, independent of standard risk factors, including markers of low-grade inflammation, BMI, physical activity, and depression. Individuals in the highest quartile of BDNF had an %25% to 30% lower adjusted risk for future CVD events and death compared with those in the lowest quartile. The biologic plausibility, demonstration of a dose-response relation (in quartile-based analyses and splines), consistency of association across multiple analyses, the temporal relation (BDNF levels were measured before the outcomes of interest), and the results of the Mendelian randomization experiment are consistent with the notion that the association is indeed a causal one. 24 
Epidemiological Data on BDNF and CVD
Existing epidemiological data regarding the relation of circulating BDNF concentrations with CVD and mortality are sparse and inconclusive. A small case-control study of 31 patients with acute coronary syndrome and 19 healthy controls conducted by Manni and collegues observed lower plasma levels of BDNF in the acute coronary syndrome cases compared with the controls, possibly suggesting a protective role of BDNF. 25 Krabbe and collegues reported that plasma BDNF was inversely associated with mortality in a sample of 188 elderly women. 6 Recently, Jian and collegues investigated plasma BDNF concentrations in 885 patients with angina. 5 They observed a cross-sectional association of BDNF levels with CVD risk factors in a protective direction. Furthermore, higher BDNF levels were prospectively associated with a lower incidence of major coronary events in their high-risk referral sample. 5 Recently, Hallden and collegues reported in a large sample of smokers that a polymorphism in the BDNF (rs4923461) gene is associated with all-cause and cardiovascular mortality but not with incident CVD. 26 Serum BDNF was not measured in their study. To our knowledge, our study is the first prospective analysis in a large community-based cohort demonstrating that higher serum BDNF levels are associated with a decreased risk for future CVD events and mortality.
Possible Mechanisms
BDNF, a member of the neurotrophin family, is involved in the regulation of a broad range of physiological functions including neuronal development and plasticity, food intake, and physical activity. 27 As noted earlier, heterozygous BDNF knockout mice consume more food than do their wild-type littermates and are obese. 2 At the same time, these BDNF knockout mice are hyperactive, not lethargic, despite their obesity. This observation has led to the concept that BDNF may be released in response to a challenging environment with high locomotor and intellectual requirements and scarce food. 27 Altered BDNF levels have been reported in various neuropsychiatric diseases; for example, depression appears to be associated with decreased serum BDNF concentrations. 28 Besides its important role in neurobiology, there is increasing evidence that BDNF is also involved in cardiovascular health and atherosclerosis. BDNF is expressed in vascular endothelial cells, 29 macrophages, and smooth muscle cells of atherosclerotic coronary arteries. 7 In one study, patients with unstable angina have been reported to have increased BDNF levels in the coronary circulation compared with individuals with stable angina, possibly suggesting that BDNF may be involved in stability of the atherosclerotic plaque. 7 In the same study, BDNF administration increased NAPD(H) oxidase activity of human coronary artery smooth muscle cells in vitro, suggesting that BDNF may indeed have a detrimental effect on plaque stability. Nevertheless, the clinical relevance of these observations remains to be elucidated. Conversely, BDNF has been shown to play a crucial role in the development and maintenance of the cardiac vasculature. BDNF deficiency in mice impairs the survival of endothelial cells in myocardial arteries and capillaries, leading to early postnatal death. 3 Conditional BDNF knockout mice with experimental myocardial infarction showed larger areas of fibrosis and impaired revascularization and, as a consequence, greater impairment of systolic function than controls. 4 These differences appeared consequent to altered expression of BDNF in the brain (not in the heart) in response to the ischemic event, stimulated via cardiac afferent autonomous nerves after myocardial infarction. Of note, polymorphisms in the BDNF gene have been associated with BMI in recent genome-wide association studies. 30 We, therefore, adjusted our multivariable models for BMI and diabetes, which did not alter our findings, rendering obesity an unlikely explanation for associations observed in our study. Similarly, polymorphisms in the BDNF gene have been associated with smoking behavior, with the A/C Met allele at rs6265 associated with both lower BDNF levels and a slightly increased risk of being a smoker. 26, 31 We therefore extensively investigated the potential impact of smoking on our findings using different statistical approaches. We did not find evidence for a relevant role of smoking in the relation between BDNF and CVD or mortality. Taken together, it seems feasible that circulating BDNF levels are protective by maintaining vascular integrity and that these protective systemic effects outweigh potential detrimental local effects on plaque stability.
We observed that higher BDNF levels are linearly associated with lower risk for CVD events, whereas the protective association with all-cause mortality abates at higher BDNF levels. This may suggest that the protective cardiovascular effects of high BDNF levels may be counterbalanced by potential detrimental effects on non-CVD; for example, high BDNF levels may promote cancer cell growth. 32 
Clinical Implications
Our data indicate that measuring BDNF only marginally improves cardiovascular risk prediction. BDNF measurements did not improve the area under the receiver operating characteristic curve (for cardiovascular events); only IDI and NRI were nominally significant. Thus, it is unlikely that serum BDNF is of relevant clinical value for diagnosing or predicting CVD. However, our findings may be of pathophysiological interest. Indeed, modulating BDNF signaling may be a promising therapeutic concept. Of note, the relatively modest effect of SNP rs6265 on BDNF levels and CVD risk does not necessarily translate into a trivial role of the BDNF protein in the pathogenesis of CVD. In fact, most common SNPs reported in recent genome-wide association studies have only modest effect sizes, but therapeutic modulation of the respective proteins may have a far greater impact. For example, SNP rs2479409 in PCSK9 is associated with an %2 mg/dL alteration in LDL cholesterol levels (per allele), but PCSK9 antibodies lower LDL cholesterol by almost 60 mg/ dL. 33, 34 Given the pivotal role of BDNF in neuroplasticity, until now therapeutic applications of BDNF (agonists) have mainly been motivated by neurovascular and neurodegenerative diseases. In this context, an oral selective BDNF agonist derived from plant flavonoids showed promising results in mouse models of stroke and Parkinson's disease. 35 Further investigations are warranted to clarify whether BDNF agonists or pharmacological interventions aimed at increasing circulating BDNF may be applicable for reducing cardiovascular risk. In particular, it remains to be shown whether the potential cardioprotective effects of BDNF outweigh the theoretical potential to promote cancer growth.
Limitations
Some limitations of our investigation should be discussed. Our FHS sample is primarily white of European ancestry and middle-aged to elderly. We estimated association of SNP rs6265 with serum BDNF in this homogeneous but age-and ethnicity-restricted sample, whereas the association of the SNP with CAD was explored in the far larger, and relatively more heterogeneous, CARDIoGRAM consortium. Measuring serum BDNF in CARDIoGRAM was not feasible. The effect size for the SNP was somewhat stronger in CARDioGRAM relative to that estimated in FHS (although the 2 were not statistically different). This may be due to the possibility that the SNP captures effects at a tissue level (as opposed to blood levels) and likely reflects lifelong exposure as opposed to a singleoccasion peripheral blood measurement that may be more susceptible to regression dilution bias. Moreover, our FHS study sample is of limited size. We therefore a priori decided to analyze a very broad end point to maximize statistical power. Our study sample was not sufficiently powered to derive meaningful results for specific cardiovascular end points. Larger analyses will be necessary to address these questions.
Conclusions
Higher serum BDNF is associated with a decreased risk of cardiovascular events and mortality. Mendelian randomization supports a causal protective effect of BDNF on CVD. If confirmed, our findings raise the possibility that pharmacological interventions aimed at increasing systemic BDNF signaling may be a promising tool for modulating cardiovascular risk.
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